The Cu 2 ZnSnS 4 (CZTS) thin films have been electrochemically deposited from a weak acidic medium (pH 4.50∼5.00) onto Mocoated and ITO-coated glass substrate by using single-step electrodeposition method. Trisodium citrate was used as a complexing agent. The effect of annealing atmospheres such as Ar, N 2 , N 2 +H 2 S on the structural, morphological, compositional, and optical properties of CZTS thin films has been investigated by using X-ray diffraction (XRD), scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), and optical absorption techniques, respectively. XRD studies reveal that the as-deposited CZTS film is amorphous in nature. Upon annealing in different atmospheres, a relatively more intense and sharper diffraction peaks (112), (200), (220), and (312) of kesterite crystal structure with uniform and densely packed surface morphology are observed in N 2 +H 2 S atmosphere. Absorption study shows that the band gap energy of as-deposited CZTS thin film is 2.8 eV whereas after annealing, it is found to be 1.48, 1.76, and 1.53 eV for Ar, N 2 , N 2 +H 2 S atmospheres.
Introduction
To meet the ever-increasing demand for energy and to cope with the limited fossil resources available, photovoltaic solar-energy production will become increasingly important. While the solar cells based on single-crystal silicon or III-V semiconductors exhibit already very high efficiency, the cost of electricity produced by crystalline silicon panels however is still significantly higher than the cost of today's grid power ($0.27/kW·hr versus $0.06/kW·hr). Therefore, in order to increase the use of solar power, there is a need for new technologies to both decrease the cost and increase the efficiency of photovoltaics (PVs) [1] [2] [3] . Thin film solar cells offer the opportunity to lower the price of solar energy by using small amounts of materials and low cost manufacturing technologies. The ternary chalcopyrites, such as Cu(In, Ga)Se 2 , have attracted much attention in this respect, and the efficiency of this material has already improved above 20% [4] ; however, this compound contains expensive materials such as In and Ga and the toxic element such as Se. This could lead to a shortage in the supply of these elements and would inhibit a cost-effective large-scale production. To overcome these limitations, alternative materials are heavily researched in order to substitute the expensive elements, In and Ga. Therefore, there have been efforts to replace alternative compounds which contain more abundant elements. The quaternary semiconductor Cu 2 ZnSnS 4 (CZTS) is a relatively new photovoltaic material and expected to be interesting for environmentally amenable solar cells, as its constituents are nontoxic and abundant in the earth's crust [5] [6] [7] . CZTS thin films show P-type conductivity, a direct band gap of 1.44-1.51 eV, and high optical absorption (∼ 1 × 10 4 cm −1 ) [8] [9] [10] [11] . Recently, a conversion efficiency of 6.7% has been achieved in CZTS-based solar cells by growing CZTS thin 2 ISRN Renewable Energy films using cosputtering system equipped with an annealing chamber [12] .
A variety of techniques have been used to prepared CZTS thin films for absorber layers, such as atom beam sputtering [11] , RF (radio frequency) magnetron sputtering [8] , hybrid sputtering [13] , thermal evaporation [14] , photochemical deposition [15] electrodeposition [10, [16] [17] [18] [19] , spray pyrolysis [20] , pulsed laser deposition [21] [22] [23] , and sulfurization of electron -beam-evaporated precursors [7, 24] . Among these, electrodeposition is a potentially suitable preparation method to obtain low-cost precursor films. The electrodeposition process could provide (i) a highquality film with very low capital investment; (ii) a lowcost, high-rate process; (iii) use of very low-cost starting materials (e.g., low purity salts, solvents), based on automatic purification of the deposited materials during plating; (iv) a large-area, continuous, multicomponent, low-temperature deposition method; (v) deposition of films on a variety of shapes and forms (wires, tapes, coils, and cylinders); (vi) controlled deposition rates and effective material use (as high as 98%); (vii) minimum waste generation (i.e., solution can be recycled). Ennaoui et al. Have fabricated thin film solar cells based on CZTS absorbers by solid state reaction in H 2 S atmosphere of electrodeposited Cu-Zn-Sn precursors, resulting in a solar cell with a conversion efficiency of up to 3.40% [18] . Araki et al. have fabricated thin film solar cell using electrodeposited (Cu/Sn/Zn) staked and Cu-Zn-Sn precursor layers by sulfurizing at 600 • C for 2 hours with conversion efficiency 0.98% and 3.16% [17, 25] . Scragg et al. have fabricated CZTS thin films solar cell using sequential electrodeposition of metallic stack in the order Cu/Sn/Cu/Zn and subsequent annealing of the stack in an sulfur-containing atmosphere, with the best cell having an efficiency of 3.2% [26] . It is well known that the efficiency of polycrystalline thin film solar cell increases with increasing grain size of the absorber layer, and therefore, the larger grains are required for the fabrication of high efficiency solar cells, and the morphology of the absorber layer depends on the preparation method and postannealing treatments [5, 22, [27] [28] [29] . In our previous study, we have reported the synthesis of CZTS thin films by single-step electrodeposition technique using trisodium citrate as a complexing agent and studied the effect of postannealing treatment on the structural, morphological, compositional, and optical properties of the CZTS thin films in Ar atmosphere [16, 30] . The stoichiometry is the very important factor to maintain during the synthesis of absorber layer for the solar cell devices. In CZTS-related absorber layers, the S loss and compensation during deposition and the annealing atmosphere have been a critical factor to have cells with good performance. To maintain S composition, annealing in the H 2 S atmosphere is done by many of the research groups.
In the present paper, we propose the synthesis of Cu 2 ZnSnS 4 (CZTS) thin films using single-step electrodeposition technique and subsequently study the effects of annealing in Ar, N 2 , and N 2 + H 2 S atmospheres on its structural, morphological, compositional, and optical properties. 
Experimental Details
The . Analytical regent grade (AR) chemicals (supplied by SIGMA-ALDRICH) were used for the precursor solution preparation. The Mo-coated glass substrates were cleaned ultrasonically in detergent, acetone, methanol, isopropanol, and distilled water and finally dried under flowing nitrogen. The uniform and well-adherent CZTS thin films were deposited using WonATech, WMPG1000 Multichannel Potentiostat/Galvanostat ver. 1.11 at −1.05 V versus SCE in potentiostatic mode at room temperature for 45 min. After deposition, the films were rinsed in doubly deionized water. The as-deposited precursor films were annealed in different annealing atmospheres such as Ar, N 2 , and N 2 +H 2 S atmosphere at optimized annealing temperature of 550 • C for 1 hour. After annealing, the films were allowed to cool naturally and were further characterized for their structural, morphological, compositional, and optical properties.
The structural properties of the as-deposited and annealed thin films were studied using high resolution X-ray diffraction (XRD) with Ni-filtered CuKα radiation (X'pert PRO, Philips, Eindhoven, Netherlands). The surface morphology and compositional study of films were observed by using FE-SEM (field emission scanning electron microscopy, Model: JSM-6701F, JEOL, Japan) attached with an energydispersive X-ray analysis (EDAX) analyzer to measure the sample composition. Optical absorption studies of the films deposited on ITO glass substrates were carried out in the wavelength range 350-800 nm by using UV-Vis-NIR spectrophotometer (Cary 100, Varian, Mulgrave, Australia). Figure 1 shows X-ray diffraction patterns of Mo-coated glass substrates, as-deposited CZTS film and the films annealed at 550 • C for 1 hour in different atmospheres, that is, Ar, N 2 , and N 2 +H 2 S, respectively. From XRD patterns, the as-deposited CZTS films showed amorphous nature, whilst the crystalline nature is observed for the films annealed in different atmospheres. In particular, the films annealed in Ar atmosphere showed kesterite structure with major diffraction peaks towards (112), (200), (220), and (312) directions (JCPDS card: . Decrement in to the intensity of (112) peak is observed for the films annealed in N 2 atmosphere. But the films annealed in N 2 +H 2 S atmosphere, a relatively more intense and sharper diffraction peaks are observed than the other two annealing atmospheres. From these above results, it is concluded that N 2 +H 2 S annealing atmosphere is the suitable medium to get crystalline CZTS films due to activeness of H 2 S gas, which accelerates the reactions than the inactive gases like Ar and N 2 , thus observed the improved crystallinity in CZTS thin films [22] . Figure 2 shows FE-SEM micrographs of as-deposited and annealed CZTS thin films. The as-deposited CZTS thin films showed nonuniform distribution of agglomerated small particles with well-defined boundaries. The annealed CZTS thin film in Ar atmosphere showed compact larger flat grains, whereas the films annealed in N 2 atmosphere showed welldefined crystallites with an average grain size less than 0.5 μm with some voids on the surface. The uniformity of the films produced from the N 2 +H 2 S annealing is much improved as compared to N 2 atmosphere. The films annealed in N 2 +H 2 S atmosphere are densely packed with compact faceted grain structure and having grain size about 1 μm is observed, which will be beneficial in photovoltaic applications as the recombination rate of the photo-generated electron will be reduced [31] . The compositional analysis of as-deposited and annealed CZTS thin film at 550 • C in different annealing atmospheres is presented in Figure 3 . From EDS study, it is seen that nearly stoichiometric CZTS thin film can be deposited using single-step electrodeposition method. The sulfur quantity of the film annealed in Ar and N2 atmosphere is slightly decreased whereas in N 2 +H 2 S atmosphere, the annealed film becomes slightly sulfur rich. The optical absorption spectra for the CZTS thin films were recorded in the wavelength range of 350-800 nm at room temperature. The optical absorption data was analyzed using the following classical relation (1) of optical absorption in semiconductor near band edge [23] :
Results and Discussion
where E g is the separation between bottom of the conduction band and top of the valence band, hυ is the photon energy, and n is a constant. The value of n depends on the probability of transition; it takes values as 1/2, 3/2, 2, and 3 for direct allowed, direct forbidden, indirect allowed, and indirect forbidden transitions, respectively. Thus, if the plot of (αhυ) 2 versus (hυ) is linear, the transition is direct allowed. Also the value of absorption coefficient in the present case is of the order of 10 4 cm −1 , which supports direct band gap nature of the deposited CZTS material. Extrapolation, of the straight line to zero absorption coefficient (α = 0), leads to estimation of band gap energy (Eg) values. Figure 4 shows variation of (αhυ) 2 as a function of photon energy (hυ) for as-deposited precursor film and annealed CZTS thin films. The band gap energy of the as-deposited CZTS thin film is about 2.8 eV. After annealing, it is found to be 1.48, 1.76, and 1.53 eV for Ar, N 2 , N 2 +H 2 S atmospheres. [16, 22, 32] . This value is quite close to the optimum band gap energy for thin film solar cell and is appropriate for the application of thin film solar cells with high conversion efficiency.
Conclusions
The Cu 2 ZnSnS 4 (CZTS) thin films have been synthesized using cost-effective and convenient single-step electrodeposition method and the effects of different annealing atmospheres, that is, Ar, N 2 , and N 2 +H 2 S on the structural, morphological, compositional, and optical properties of the CZTS thin films are reported. XRD studies revealed that the as-deposited CZTS film is amorphous in nature. Upon annealing in different atmospheres, a relatively more intense and sharper diffraction peaks (112), (200), (220), and (312) of kesterite crystal structure with uniform and densely packed surface morphology are observed in N 2 +H 2 S atmo sphere. The absorption study shows that the band gap energy of as-deposited CZTS thin films is 2.8 eV. After annealing, it is found to be 1.48, 1.76, and 1.53 eV for Ar, N 2 , N 2 +H 2 S atmospheres.
